Conservation biology is a forward-looking discipline that aims to affect a more positive future for imperiled species and ecosystems than present trends would otherwise allow. Conservation programs tend to be long-term, so that planning for plausible future scenarios is critical to success (Peterson et al. 2003) . Moreover, several years may be required from the time a conservation issue arises until a suitable mitigation action can be implemented; by then, some new crisis may have become more pressing. In this context, the degree to which we can anticipate future realities will help avoid misplacing conservation resources.
These considerations are particularly germane in the context of conserving the Hawaiian monk seal (Monachus schauinslandi), a critically endangered species whose numbers are declining at a rate of approximately 4%/yr from a 2008 total estimated abundance of 1,161 (Baker, unpublished observations) . Most of the monk seals reside in the remote Northwestern Hawaiian Islands (NWHI), whereas relatively few occupy the main Hawaiian Islands (MHI) (Fig. 1) . These two regions, NWHI and MHI, starkly differ in nearly every aspect relevant to monk seal conservation, including habitat, population status, threats, management, level of research, and allocation of conservation resources (Table 1) .
In brief, the NWHI are part of the Papahānaumokuākea Marine National Monument, a vast marine protected area where coral reefs and associated fish populations are considered quite robust and fishing and other in situ human impacts have been minimized. In contrast, the MHI are characterized by a large human population and nearshore marine ecosystems severely impacted by physical alteration, heavy fishing pressure, and pollution. It seems somewhat counterintuitive that the monk seals in the MHI appear to be thriving (Baker and Johanos 2004) , whereas the NWHI populations are declining, believed largely as a result of food limitation leading to low juvenile survival (Antonelis et al. 2006 , Baker 2008 ). Baker and Johanos (2004) hypothesized that this situation might be explained by the MHI seals enjoying relatively low intra-specific competition (because the number of seals is still small) and low interspecific competition (because large predatory fish competitors such as jacks and sharks have been greatly reduced by fishing).
Hawaiian monk seals were listed as endangered under the U.S. Endangered Species Act in 1976, and the first Recovery Plan was completed in 1983 (Gilmartin 1983) . At that time, seals were rarely seen in the MHI and the focus of the Recovery Plan was entirely on the NWHI. Indeed, there was no mention of the MHI in the 1983 plan. During the past 10 yr, monk seals have become an increasingly common sight in the MHI, and a recently published new Recovery Plan recommends management and research actions to foster the MHI population (NMFS 2007) . This plan marks a formal recognition of the necessity to allocate more recovery resources to the MHI. However, it has been difficult to assess the present and, perhaps more importantly, the future conservation value of the MHI because basic information on the status and trends of MHI monk seals has been lacking.
In recent years, we have accumulated data from the MHI on individually identifiable seals either tagged or recognizable from natural marks. Here, we present updated minimum abundance information and provide the first estimates of survival rates and fecundity. Using a previously published simulation model (Harting 2002) incorporating these rates and some reasonable initial assumptions, we project future potential abundance in the MHI. This is compared to an analogous projection for the NWHI based on a much richer data set.
METHODS

MHI Data Collection
Information on the MHI monk seal population was obtained primarily through a network of individual volunteers, volunteer groups, partner agencies, and directed efforts by the U.S. National Marine Fisheries Service. Many sightings were initially reported by members of the public using a phone number specifically for Hawaiian monk seal sightings. Information about sighting events was collected over the phone, including location, date, time, and description. Photographs, if available, were collected. Often, a member of an informal network of responders visited the site to confirm the sighting, attempted to read any tags, and photographically documented any natural or applied identifying marks. Researchers applied pelage bleach marks to aid identification, confirmed identities of sighted seals directly or by digital photographs, and determined size class and sex. In the event of a reported birth, the mother and pup were monitored closely until the mother departed at weaning. As soon as possible after weaning, pups were briefly captured, tagged with unique plastic flipper tags, measured (dorsal straight length and axillary girth) and sex was determined. In 2008, two aerial surveys of Niihau and Lehua islands were conducted at these otherwise inaccessible islands from a U.S. Coast Guard Dolphin helicopter, which flew slowly around the islands at low elevation (<150 m). Sighted seals were digitally photographed using a 300-mm image-stabilized lens.
MHI Abundance and Survival
MHI abundance was based upon the sum of the uniquely identified seals (mostly on the accessible islands) in 2008, plus the larger of the two aerial counts for Niihau and Lehua (corrected for seals already included as uniquely identified). To estimate survival, a sighting matrix was constructed for each known-aged seal (those tagged in their year of birth) for each year from birth to 2008. Estimates of survival and capture probability were generated using Program MARK (White and Burnham 1999) . Patterns in Hawaiian monk seal survival have been well-characterized using the large database available for the NWHI (Baker and Thompson 2007) . However, we recognized that the very limited sample size available for MHI monk seals would preclude characterization of temporal and spatial patterns. We therefore focused on characterizing age-related survival patterns, with all years and tagging locations combined. Thus, models with survival for sequential ages (weaning to 1 yr, 1-2 yr, etc.), either combined or fitted separately, were compared using the small-sample Akaike's information criterion (AIC c , see Anderson et al. 2000) . Because we knew that an organized MHI monk seal sighting network developed during the years of this study and reporting in general has been variable, we explored models with time-dependent probability of capture. Also, because pups are initially tagged only after weaning, the first estimated survival interval was determined from weaning to age 1 yr. This estimate was multiplied by the proportion of MHI pups known to have survived from birth to weaning from 1962 to 2008 to obtain a value for survival from birth to age 1 yr.
MHI Reproductive Rates
Because of limited data for calculating age-specific birth rates in the MHI, some inferences based on observed reproductive patterns in the NWHI were necessary. Harting et al. (2007) found that among three NWHI subpopulations, the highest age-specific reproductive rates were observed at the site (Laysan Island) where females also had the highest apparent growth rates. Because of the lack of quantitative agespecific morphometric data, Harting et al. (2007) used as a proxy for growth rate the proportion of females that had attained adult size at each age. For example, Laysan Island, where female seals attained adult size earliest on average, also showed earlier maturation and a higher peak reproductive rate. To compare MHI female growth, we analyzed the proportion of adult-size females by age in the MHI and NWHI using logistic regression analysis. Although size classification is a somewhat subjective exercise, consistency is achieved by a variety of means. New researchers are taught by seasoned field staff, and their classifications are checked and corrected. Staff is rotated among field sites to ensure spatial consistency. Field workers are directed to assess size class before reading tags to avoid the influence of knowing the ages when judging size. Finally, at the end of each field season, each seal is assigned a size class based upon the most common value assigned during multiple sightings that year. Harting et al. (2007) fitted the following reproductive function to observed agespecific reproductive rates for NWHI seals ranging up to more than 25 yr of age:
where a, b, and c govern the ascending phase of the reproductive curve (a determines the asymptote or maximum rate attained by mature females; b/c gives the age at which females reach 50% of the maximum fecundity); whereas d and f jointly determine the onset and rate of senescent decline. For this study, there were relatively few known-age MHI females that ranged up to a maximum of 11 yr old. Thus, we were only able to estimate the early, or ascending, segment of the MHI reproductive curve through age 11 yr. To obtain a full reproductive curve for the MHI, we fitted Equation 1 to a composite data set made up of MHI observations through age 11 and NWHI observations for older ages.
NWHI Data Collection and Analysis
Monk seal population biology research methods have been described in detail previously and a brief overview with key references is provided here. Annual research field camps have been conducted for approximately 2-5 mo at the six main NWHI monk seal subpopulations since the early to mid-1980s (French Frigate Shoals, Laysan Island, Lisianski Island, Pearl and Hermes Reef, Midway Atoll, and Kure Atoll). Long-term marking and resighting of individual seals are the foundations of the demographic database. Abundance is determined by either total enumeration or closed capture-recapture estimates (Baker et al. 2006a , Baker 2004 . Year 2008 estimates of monk seal abundance in the NWHI were used as the starting point for projections. Age-specific survival rates are estimated using field methods described in Baker and Thompson (2007) . For this paper, observed survival in the NWHI was estimated using Jolly-Seber methods (Jolly 1965 , Seber 1965 , and the Siler competing risk survivorship model (Siler 1979 (Siler , 1983 was then fitted to the observed rates, as described by Harting (2002) . Given the small number of very old seals in the total NWHI sample, we fitted just one set of Siler model parameters governing senescence by pooling data for all sites. To reflect current population trends, our life table analysis and population projections for the NWHI used survival rate estimates only from 2006 to 2008 data rather than pooling data over all available years.
Age-specific reproductive curves were fitted for three of the NWHI subpopulations (French Frigate Shoals, Laysan Island, and Lisianski Island) in accordance with methods in Harting et al. (2007) using Equation 1. Rates for the other three NWHI subpopulations (Pearl and Hermes Reef, Midway Atoll, and Kure Atoll) were derived using a composite of the rates from the three measured sites, adjusted to best accord with the observed number of pups recorded at each site.
Population Projections
The monk seal stochastic simulation model (Harting 2002 ) was used to project each of the seven subpopulations (six NWHI sites and the MHI) forward 20 yr.
The core of the simulation model conforms to a standard matrix projection, with the addition of migration among subpopulations, random sampling of vital rates from the estimated parameter distributions, and demographic stochasticity. For all sites, the mean and variance for the intrinsic growth rate () was derived from the random life tables constructed from 1,000 parameter-sampling simulations. For the projections, the starting distribution for each NWHI sites was based on the observed age-sex composition at that site. For the MHI, where detailed age and sex data are lacking, the initial abundance (for 2008 as described earlier) was allocated to age classes according to the stable age distribution associated with the fitted life table (using best fit curves to MHI survival and reproductive rates estimated as described earlier).
RESULTS
A total of 113 uniquely identifiable seals were documented in the MHI in 2008. This number is probably well below true total abundance because monk seal survey efforts in the MHI are far from exhaustive. Seals are probably undercounted to some degree at all the islands, but particularly at Niihau, Lehua Rock, and Kaula Rock. Niihau is privately owned, and access to the island is prohibited such that monk seal surveillance was limited to two aerial surveys in 2008. Lehua Rock and Kaula Rock are also quite inaccessible and, especially the latter, rarely surveyed. In August 2006, 15 seals were counted on a single small boat-based survey of Kaula Rock. Moreover, when complete surveys have been done, more seals are consistently seen at Niihau than at any of the other MHI (Baker and Johanos 2004) . In 2008, 23 and 47 seals were counted on Niihau and adjacent Lehua Rock on the two aerial surveys, yet only one seal on the first survey and eight seals on the second survey could be categorized as unique based on features visible or photographed from the aircraft. We currently do not have corrections factors established to estimate abundance from MHI aerial surveys. Therefore, to obtain a conservative starting abundance for MHI population projections, we summed the total number of unique individuals identified (113) and the highest Niihau/Lehua aerial count minus the number of unique individuals identified on that count (47 − 8 = 39), for a total of 152 seals. It is possible that some of the 39 unidentifiable seals on the aerial survey had in fact already been identified on other MHI in 2008, and would therefore be double-counted in our total of 152. This potential is impossible to evaluate because we lack information on the rate of interchange between Niihau and other islands. However, we think any such double-counting would be more than offset by undercounting animals throughout the MHI.
A total of 76 pups was tagged in the MHI during 1988-2007, and their resight histories through 2008 were the basis for estimating survival. Survival models focused on age variation, whereas survival was constrained to be constant over time and birth location. Age-specific survival rates are abbreviated as i , with subscripts denoting age. Thus, 1 is survival from weaning to age 1 yr, 2 is survival from age 1 to age 2 yr, etc. Modeling results are presented in Table 2 . Because Baker and Thompson (2007) found the greatest age variation in survival from weaning to age 5 yr, we began by fitting a model with constant survival for all ages constant , then with separate survival parameters for the first year versus all older ages combined (denoted 1 2+ ), then with first year and second year survival rates distinct, all older seals combined (denoted 1 2 3+ ), etc. Allowing capture probability to vary by year improved (1989-1996, 1997-2000, and 2001-2008) . Models fitted with three capture probability parameters representing these time periods resulted in considerable reductions in AIC c (Table 2) . We recognize that fitting the reduced model after examining results of a previous model fit invalidates the use of AIC c for model selection. Yet, the survival estimates and their standard errors were nearly identical in the model with annually varying capture probabilities and the model with three time periods. We chose the latter for its parsimony. The observed pattern of fitted capture probabilities is consistent with trends in resighting ease and effort. For example, a single pup was born in 1988 and readily observed every year through 1995, resulting in a high estimated capture probability during the first set of years. During 1996-1999, nine pups were born (2-3 per year on various islands). Little effort was mobilized such that capture probabilities were relatively low. Finally, the increasing presence of seals in the MHI resulted in the development of a rather extensive volunteer monk seal protection effort, the activities of which included documenting and reporting seal identities. Thus, capture probabilities increased since 2000. Support for the top three models (Table 2) , which had two, three, and four distinct age classes, respectively, did not differ greatly. We chose the model with three age classes (1, 2, and ≥3 yr) to generate survival estimates for our MHI Leslie matrix as it provided somewhat more complexity than the top ranked model while negligibly reducing support ( AIC c = 0.3). Survival estimates from this model are presented in Table 3 . The observed proportion of pups that were known to have survived from birth to weaning was 0.93. Finally, Baker and Thompson (2007) reported senescent monk seal survival beginning after approximately the 16th year of age. However, the oldest known-aged MHI seal in our analysis was only 11 yr old. Therefore, to avoid positive bias in survival of older age classes in our MHI modeling, we created a composite data set composed of MHI rates (from Table 2 ) up until age 16 yr, and Laysan Island rates from age 16 to 30 yr (cf. Harting 2002) . Further, the Siler competing risk model parameters governing senescent decline were fixed at the values fitted for NWHI seals. The proportion of female seals that had attained adult size varied with age and location. A model was fitted with age as a covariate and a five-level location effect (MHI plus four NWHI regions). Separate locations for the NWHI included French Frigate Shoals, Laysan Island, Lisianski Island, and a fourth group made up of the three western atolls combined (Pearl and Hermes, Midway, and Kure). MHI females tended to attain adult size at a significantly younger age than at two of the NWHI sites (French Frigate Shoals, P < 0.001; Lisianski, P = 0.01). No statistically significant difference was found between MHI and the other two NWHI sites; however, the sample size for MHI was very small. Still, all 6-yr-old females observed in the MHI were adult size compared to about 80% at Laysan Island and the western three atolls (Fig. 2) .
MHI reproductive rates were estimated from observations of 29 known-aged females who gave birth to 17 pups during [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Because the seals' attainment of adult size in the MHI was not significantly different from the pattern observed at Laysan Island, reproductive rate data for older females from the latter site were combined with the MHI observations to fit a plausible full reproductive curve for the MHI in life table analysis and population projection (Fig. 3) .
The life tables constructed from the age-specific survival and reproductive rates for all seven sites (six NWHI breeding sites and MHI), were analyzed and used for population projections. The intrinsic growth rates () for all six NWHI sites were below 1.0, while that of the MHI was 1.065 (Table 4) . Although these values indicate the probable trajectory of each subpopulation at the theoretical stable age distribution, population projections are necessary to elucidate the influence that current age structures have on that outcome. Each NWHI subpopulation was projected separately, but their abundances were summed for presentation (Fig. 4) . The NWHI projections indicated that the initial populations of 914 seals would decline to less than 250 seals in 20 yr. In contrast, the MHI population increased to slightly more than 400 seals in that time frame. The abundance of the two projected populations is therefore expected to be equal in approximately 15-16 yr.
DISCUSSION
Our results indicate that Hawaiian monk seal vital rates are much more favorable in MHI than in NWHI. Because this conclusion has rather profound implications for the future conservation of the species, we must carefully consider uncertainty in all components of the analysis. We generally have a high degree of confidence in the NWHI data and demographic parameter estimates. NWHI survival estimates are based on tagging nearly all the pups born and monitoring them throughout their lives with very high annual resight probabilities (Baker and Thompson 2007) . Abundance and age-sex structures are also quite well known as subpopulations are largely enumerated in most years (Baker 2004 , Baker et al. 2006a ). More uncertainty surrounds NWHI reproductive rates as these are directly estimated for only three of the six main subpopulations and because annual variability is substantial (Harting et al. 2007) . Nevertheless, much of the uncertainty in the NWHI vital rates is reflected in the range of realized projections from the stochastic simulation model (Harting 2002 , Fig. 4) .
In contrast, we are far less confident in our MHI data and estimates. Having no reliable estimate of total abundance, we assumed a starting abundance of 152 seals for our projections. This is likely a conservative value considering that our very limited surveillance still identified 113 individuals. The starting abundance does not affect conclusions about the intrinsic rate of population growth but will influence the abundance projections. Likewise, lacking any reliable basis for a starting age distribution, we simply used the stable age distribution from the fitted MHI Leslie matrix but acknowledge that the age distribution of this growing population is likely to depart from the theoretical distribution. Such deviations introduce some uncertainty in the transient dynamics of the trajectory, but in any case the population would be exhibiting positive growth. Although sample sizes are admittedly somewhat meager, the MHI survival estimates are based on robust methods, have fairly narrow confidence intervals (Table 3) , and there is no reason to suspect positive bias. We are therefore confident that juvenile survival has indeed been considerably higher in the MHI than in the NWHI. This is consistent with pups exhibiting far better body condition (girth and length) at weaning in the MHI (Baker and Johanos 2004 ) and a strong relationship between weaning condition and first-year survival (Craig and Ragen 1999, Baker 2008 ). The regional differences in survival are especially evident in survival-to-age (lx) curves (Fig. 5) .
Our characterization of MHI reproductive rates is provisional but likely conservative. We only have reproductive information for 29 females spanning just the early portion of their reproductive ages. These pupping rate data could be subject to either positive or negative observation bias based on incomplete surveillance. The fact that MHI females grow to adult size at least as rapidly as those at Laysan suggests that using data from the latter site for the ≥11 yr old portion of the MHI curve is appropriate. The higher observed birth rates among females ≤11 yr old in the MHI arguably suggests the curve might be elevated among older animals compared to Laysan Island as well.
In summary, we acknowledge multiple sources of uncertainty, especially in the MHI input data, including survival of older seals, reproductive rates of older females, current population size, and age distribution. However, we have endeavored to make conservative adaptations in each case.
We think that the previously suggested reasons for MHI population growth (i.e., low intra-and interspecific competition) remain valid (Baker and Johanos 2004) . Large predatory fish are far more abundant in the NWHI than in the MHI (Friedlander and DeMartini 2002) , and these fish directly compete with foraging monk seals (Parrish et al. 2008) . One might speculate that mortality from large Thus far, we have discussed uncertainty in our estimates of current population status and vital rates. More pertinent with regard to anticipating future scenarios is how these parameters will change. The 20-yr population projections (Fig. 4) were conducted using stochastic sampling with error of MHI values to date and of recent rates in NWHI. How might these trends change in the coming years?
Unfortunately, although there are limits to how much rates can improve (survival cannot exceed 1 and there are likewise physiological limits on reproduction), mortality events and reproductive failures are far less constrained. Indeed, the history of Hawaiian monk seal conservation is replete with unforeseen catastrophic events, including unexplained die-offs, reproductive females killed by aggressive male seals (Hiruki et al. 1993) , and pups being heavily preyed upon by sharks in localized areas (Harting, unpublished observations) . The MHI appears to be steadily growing in abundance from an initially very low level. Similar recoveries of monk seal subpopulations have been observed in the NWHI, most notably at French Frigate Shoals, where the population grew rapidly from the early 1960s to the late 1980s (Gerrodette and Gilmartin 1990) . This subpopulation has subsequently crashed as a result of increased juvenile mortality, possibly due to exceeding carrying capacity (Craig and Ragen 1999) . The monk seal carrying capacity of the MHI is unknown. For reasons that are largely uncertain, conditions in most of the NWHI have not been favorable to monk seals for at least a decade. Polovina et al. (2008) found that areas of low oceanic productivity have been expanding worldwide, including the North Pacific subtropical gyre, in which the Hawaiian archipelago is located. Polovina et al. (2008) further suggest that this trend is likely to continue with further global warming. Thus, although we can hope for a reversal of fortune as has occurred in the past, we must realistically plan for a prolonged period of adverse conditions in the NWHI. Regardless of any improvement in extrinsic conditions, the current age structures of NWHI subpopulations are so unfavorable that further declines in abundance for approximately the next decade are highly likely.
Thus, despite uncertainties, our most informed prediction is that the NWHI seal populations will continue to dwindle while MHI seals become more plentiful, resulting in a far more even distribution of the species among these regions. This leads to two broad conclusions about how conservation of monk seals should change in the near future.
First, all efforts should be pursued to reduce the rate of decline in the NWHI. The recent Recovery Plan for Hawaiian monk seals prescribes several approaches to reducing juvenile mortality, including mitigating shark predation and reducing entanglement in marine debris. Further, the Plan calls for improving juvenile survival through a variety of interventions (e.g., translocations, nutritional support, Baker and Littnan 2008) . The focus of these efforts is on improving currently poor juvenile survival, which Harting (2002) identified as having the greatest influence on the population growth rate. Less immediate but perhaps just as serious a hazard is terrestrial habitat loss in the low-lying NWHI because of sea-level rise (Baker et al. 2006b ). This threat needs to be better characterized and mitigation measures developed as feasible.
Second, while the MHI monk seals appear to be thriving at the moment, more conservation resources are needed to prepare for the challenges associated with increasing abundance of seals in the near future. Threats to seals in the MHI are largely distinct from those constraining the NWHI populations. Interactions between seals and people on beaches and in nearshore waters are growing, resulting in the disturbance and harassment of seals and occasional injuries to humans. In 2009, three seals, including a pregnant female, were found shot to death in the MHI. Fishery interactions, including seal hookings and drowning in gillnets, are becoming more common (Carretta et al., in press ). Seals in the MHI are also exposed to diseases they have never encountered before, through contact with domestic and feral mammals and their waste (Littnan et al. 2006) . Federal, state, and local authorities in the MHI are currently struggling to manage these seal-related issues. As the seal population grows, we can only expect conflicts to intensify, most likely to the detriment of individual seals.
